ABSTRACT Self-assembly process of a porphyrin derivative [5,10,15,20-tetra-(m-mercapto-p-methoxyphenyl) porphyrin; TMMPP], which was designed and synthesized to be flatly adsorbed on a gold substrate surface, on a Au(111) single crystal surface was investigated by ex situ scanning tunneling microscopy (STM) and electrochemical reductive desorption measurements. A small number of TMMPP molecules were randomly but flatly adsorbed on the Au(111) surface when the deposition time was less than 1 h as the initial stage of the self-assembly process. When the deposition time was more than 20 h as the final stage of the self-assembly process, the densely-packed and flatly adsorbed TMMPP SAM formed on the Au(111) surface via a phase transition from a random to an ordered structure. These results indicated that we succeeded in the formation of the flatly adsorbed and well-defined porphyrin selfassembled monolayer (SAM) on the Au(111) surface.
Introduction
Porphyrins and metallo-porphyrins have unique properties such as photo-electrochemical and electro-catalytic properties in their O conjugated plane 1, 2 and therefore, they have been widely used as a photosensitizer and/or electro-catalyst in the design of molecular devices. Since a transition moment of the photon absorption of porphyrins and metallo-porphyrins is inside their ring plane and since the electro-catalytic reaction takes place on the center metal of the metallo-porphyrins in the perpendicular direction of their ring plane, flat adsorption of porphyrins and metallo-porphyrins in order on the solid substrate surface should be required to achieve the effective photo-energy conversion and highly effective electrocatalytic reaction. Yoshimoto et al. reported well-arranged porphyrin monolayers in order on the gold substrate surface. [3] [4] [5] [6] [7] [8] In these cases, however, the porphyrins were just physorbed on the solid surface and it appeared to easily desorb from the surface by external perturbations such as photo-irradiation and/or potential applying.
On the other hand, self-assembly technique is one of the best methods to arrange the molecule in order onto the solid substrate surface and self-assembled monolayers (SAMs) on gold have been widely used because of their high stability, high packing density, and high orientation. 9, 10 There have been many reports about porphyrin SAMs not only with one anchor group, but also with multi-anchor groups. Especially, those with four anchor groups were investigated in order to achieve a flat adsorption of the porphyrin ring, leading to an effective photo-energy conversion and/or electro-catalytic reaction. However, these porphyrins have relatively long anchor groups, therefore, it is difficult to attain not only an orientation of the ring plane parallel to the surface but also a two-dimensional arrangement on the substrate surface. The other strategy for the fabrication of the flatly adsorbed porphyrin SAM is by the axial ligation of a metallo-porphyrin to the SAM of an N-donor molecule, for example 4-mercaptopyridine, onto the gold surface. [43] [44] [45] [46] A significant advantage of this strategy is that the complicated synthesis of thiol-porphyrin linked derivatives is unnecessary, however, the amount of the adsorbed porphyrin was too low because the coordinate bond is much weaker than covalent one. In order to achieve the flat adsorption and to construct a stable porphyrin molecular layer on the solid surface in order, in this study, we newly designed and synthesized a porphyrin derivative, which has 4 directly connected thiol groups to the meta position of the phenyl group attached to the porphyrin ring as a surface binding group, 5,10,15,20-tetra-(m-mercapto-p-methoxyphenyl) porphyrin (TMMPP), as shown in Fig. 1 . In TMMPP, 4 methoxy groups were also introduced to the para position of the phenyl group of the porphyrin ring to two-dimensionally arrange in order on a gold surface. Self-assembly process on the atomically flat Au(111) single crystal surface was investigated by ex situ scanning tunneling microscopy (STM) and electrochemical measurements for the reductive desorption of the SAM. 
Materials
All regent grade chemicals were purchased from Tokyo Kasei Co., Acros Organics, Wako Pure Chemical Industries, or Kanto Chemical Co. and used as received. TMMPP was synthesized by the procedures previously reported [47] [48] [49] [50] and its synthetic route is shown in Scheme 1. Ultrapure water was obtained using a Milli-Q water purification system (Yamato, WR600S). A Au(111) single crystal disk (MaTeck, diameter: 10 mm, thickness: 1 mm) was used as a substrate. Gold, platinum, and tungsten wires were purchased from Nilaco. Ultrapure N 2 gas (99.9995%) was obtained from Kotobuki Sangyo.
Preparation of the TMMPP SAM
Prior to the SAM preparation, the Au(111) disk was annealed using a Bunsen burner or a hydrogen flame, cooled in a quartz vessel for a few minutes and then quenched in ultrapure water. [51] [52] [53] The roughness factor of the surface was estimated from the charge for the reduction of gold oxide to be less than 1.2. 52 The surface modifications of the Au(111) disk substrates were carried out by immersing the substrates in a benzene solution containing 50 µM (M = mol dm ¹3 ) TMMPP, which is a relatively low concentration, at RT for 1 min-90 h.
Electrochemical measurements
After washing the TMMPP SAM modified Au(111) disk with benzene, ethanol, and ultrapure water, it was placed in an electrode holder made from Kel-F so that only one face of the substrate was exposed to the electrolyte solution (apparent exposed area, ca. 0.79 cm 2 ). A platinum wire and an Ag/AgCl (sat. NaCl) were used as the counter and reference electrodes, respectively. A deaerated KOH (0.1 M) solution was used as an electrolyte solution to electrochemically desorb the TMMPP SAM from the Au(111) electrode surface. The electrode potential was controlled by a potentiostat/galvanostat (Hokuto Denko, HA-151), and an external potential was provided by a function generator (Hokuto Denko, HB-111). Linear sweep voltammograms (LSVs) were recorded on an X-Y recorder (Graphtech, WX1200).
STM measurements
STM observations were carried out using an Agilent 5500 (Agilent Technologies) controller in the EC-STM mode with a homemade electrochemical STM cell for Au(111) single crystal disk. No electrochemical potential was applied to the sample, but just the voltage between the sample and tip as a sample bias (V sample ) was applied in this study. The STM tip was a simply cut tungsten wire, of which the top was electrochemically sharpened in 0.6 M KOH, then insulated with nail polish. 54, 55 All the STM images were obtained in the constant current mode (I tip : 0.30 nA, V sample : 0.30 V). Ex situ STM observation of the TMMPP SAM on the Au(111) was carried out in ultrapure water.
X-ray photoelectron spectroscopy (XPS) measurement
XP spectrum of the TMMPP SAM on Au(111) was measured using a K-Alpha XPS system (Thermo Fisher Scientific) with a monochromatized AlKA X-ray source. The spectrum was calibrated with the Au4f 7/2 peak at 84.0 eV. To fit the S2p 3/2 and S2p 1/2 doublet, we used a pair of a Gaussian and Lorentzian function peaks with the same fwhm (full width at half maximum), the standard spin-orbit splitting of 1.2 eV, and a branching ratio of 2:1 for S2p 3/2 and S2p 1/2 , respectively.
Results and Discussion

Electrochemical reductive desorption
It is well known that alkylthiol SAMs are electrochemically desorbed from a gold surface by the following reduction process in an alkaline aqueous solution: [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] Au Figure 2 shows LSVs of the Au(111) electrodes modified with the TMMPP SAMs, which were prepared for various dipping periods, measured in 0.1 M KOH at a scan rate of 20 mV s ¹1 when the potential was negatively scanned from 0 to ¹1.4 V. Between ¹0.7 and ¹1.1 V, three cathodic peaks, which seemed to be due to the reductive desorption of the SAM, were observed. The two more negative peaks observed around ¹0.9 and ¹1.0 V were reported only in the case of the mercaptopyridine and mercaptopyrrole SAMs. [66] [67] [68] [69] On the other hand, the most positive one was observed around ¹0.85 V, which was quite similar to that observed at a Au(111) electrode prepared by immersing into a high concentrated pyridinethiol solution by Yoshimoto et al. 69 but was more negative than those observed at the benezenethiol SAM by Sawaguchi et al. 67 and by Sato and Mizutani. 70 Yoshimoto et al. interpreted this reductive desorption peak around ¹0.85 V as the desorption of just S atoms produced during the modification due to the C-S bond cleavage. 71 In TMMPP, although the thiol group was actually connected to a benzene ring not to a pyridine ring, the XPS measurement was carried out in order to estimate the origin of this main reductive desorption peak. Figure 3 shows the XP spectrum in the S2p region of the TMMPP SAM prepared for 20 h dipping on Au(111). Two doublet peaks were observed; the main doublet with the energy of S2p 3/2 at 162.0 eV can be assigned to S atoms of TMMPP chemisorbed on Au(111) and the minor one with the energy of S2p 3/2 at ca. 161 eV can be assigned to S atoms of TMMPP physorbed (unbounded) on Au(111). 72, 73 No signals with the higher energy due to the S atoms produced by C-S cleavage were observed. Thus, the peak due to the desorption of the thiolate of TMMPP from the Au(111) surface can be assigned to be the most positive peak observed around ¹0.85 V. This peak potential was more negative than those observed at the benzenethiol SAM, 67, 70 revealing that each TMMPP molecule exactly interacted with Au atoms through four thiolate groups. Figure 4(a) shows the relationship between the charge of the most positive cathodic peak and dipping period for the TMMPP SAM preparation. As you can clearly see, the charge increased with the increasing dipping period; once it had a plateau around 30 min dipping and then it was saturated at ca. 35 µC cm ¹2 for more than 2 h dipping. As the dipping period increased, the peak potential did not significantly change, but the fwhm (full width at half maximum) value of the reductive desorption peak was significantly changed [ Fig. 4(b) ]. As the dipping period increased, the fwhm value gradually decreased, spiked once for the 1 h dipping and then, gradually decreased again. This result suggested that the phase change took place around the 1 h dipping during the preparation. In spite of the peak sharpening, potential did not shift, indicating that the intermolecular interaction between TMMPP is very weak if TMMPP is flatly adsorbed on the Au(111) surface. This first-order phase transition maybe caused by the larger size of TMMPP with four thiol groups than that of normal , the molecular area was calculated to be ca. 2 nm 2 , if all the 4 thiol groups were bound to the underlying Au(111) surface. TMMPP was postulated to have a square shape with one diagonal of ca. 2 nm based on the molecular model and the molecular area of the TMMPP molecule would be 2 nm 2 ( Fig. 5) , when the porphyrin plane is flatly adsorbed on the surface with a well-packing density. This value of 2 nm 2 matched well with the one calculated from the charge of the reductive desorption peak as described above. Thus, we can conclude that TMMPP was flatly and densely adsorbed on the Au(111) surface by more than a 2 h dipping.
STM measurements
In order to confirm the flat adsorption of the TMMPP and to observe the two-dimensional ordering, an ex situ STM observation was carried out. Figure 6 shows STM images and cross-sectional profile of the TMMPP SAMs on Au(111) prepared with a dipping period of 10 min. A magnified image [ Fig. 6(a) ] clearly showed a monoatomic height step and a large flat terrace, which shows a bare Au(111) surface. In the middle scale image [ Fig. 6(b) ], we can see many dots on the atomically flat terrace. An expanded STM image [ Fig. 6(c) ] and cross sectional profile [ Fig. 6(d) ] indicated that the height of each dot was ca. 0.4 nm and their diameter was ca. 2 nm, which matched well with the size of the molecular model of TMMPP (Fig. 5) , indicating that each dot means a flatly adsorbed TMMPP molecule. Based on these results, we concluded that each TMMPP was flatly adsorbed on the Au(111) surface and that the two-dimensional arrangement of the adsorbed TMMPP was not in order but at random during the initial stage of the TMMPP selfassembly. Figure 7 (a) shows an STM image of the TMMPP SAM on Au(111) prepared for a 1 h dipping, in which a phase change seemed to take place based on the fwhm value obtained from the LSV of the reductive desorption of the TMMPP SAM. Dots were observed at random but several lines due to the molecular ordering appeared in this image [in the yellow circle in Fig. 7(a) ]. Thus, for this dipping period, we can say that a mixed phase with both random and ordered arrangements exists on the Au(111) surface, indicating that this is in good agreement with the result of LSV. The line due to the molecular ordering was clearly observed in the STM image of the TMMPP SAM, which was prepared for the 2 h dipping [ Fig. 7(b) ]. However, this molecular ordering was not clearly observed in this sample even when the image was expanded. Figure 8 shows STM images and a cross sectional profile of the TMMPP SAM on the Au(111) surface, which was prepared by a 20 h dipping. For this dipping period, the adsorbed amount of TMMPP on the Au(111) surface was saturated based on the results of the reductive desorption measurements. The line due to the molecular ordering was clearly observed at the intervals of ca. 2.0, , respectively, suggesting that the methoxy group, introduced to the TMMPP molecule, plays the role to twodimensionally arrange. Between the adsorbed TMMPP molecules, holes with a height of ca. 0.25 nm were observed. This height did not correspond to that of the flatly adsorbed TMMPP but a monoatomic height of the underlying Au substrate, indicating that these holes are not pinholes in the molecular layer but etch pits, which are often observed in the alkylthiol SAMs on Au(111). [74] [75] [76] [77] These results suggested that the flatly adsorbed TMMPP was arranged in order based on the atomic arrangement of the underlying Au at the final stage of the TMMPP self-assembly.
We can conclude that the first-order adsorption process of TMMPP on the Au(111) surface as mentioned in the section 3.1 was confirmed by STM.
Self-assembly process of TMMPP
Based on the above results, we can summarize the first-ordered self-assembly process of TMMPP on the Au(111) surface as follows ( Fig. 9 ): In the initial stage, a small number of TMMPP were flatly adsorbed at random on the Au(111) surface [ Fig. 9(a) ]. With the increasing dipping period, amount of the flatly adsorbed TMMPP increased. Around the dipping period of 1 h, density of the randomly adsorbed TMMPP seemed to be saturated, a phase change from the random to the ordered arrangement of TMMPP should take place, and the molecular ordering partially appeared [ Fig. 9(b) ]. After the dipping period of 2 h, these molecular ordering arrays clearly appeared [ Fig. 9(c) ]. Packing density and two-dimensional ordering of the flatly adsorbed TMMPP SAM increased with the increasing dipping period and finally, TMMPP was flatly adsorbed and wellpacked on the Au(111) surface in order when the dipping period was more than 20 h [ Fig. 9(d) ].
Conclusions
A novel porphyrin derivative, 5,10,15,20-tetra-(m-mercapto-pmethoxy-phenyl) porphyrin (TMMPP), was designed and synthesized in order to construct a flatly adsorbed porphyrin selfassembled monolayer (SAM) on a gold surface. The self-assembly process of TMMPP onto the Au(111) surface was investigated by the electrochemical measurements for the reductive desorption and ex situ scanning tunneling microscopic (STM) measurements. A small number of TMMPP were flatly but randomly adsorbed on the Au(111) surface, when the deposition time was less than 1 h as the initial stage of the self-assembly. When the deposition time was more than 20 h as the final stage of the self-assembly, the flatly adsorbed and well-packed TMMPP SAM formed on the Au(111) surface via a phase transition from a random to ordered molecular arrangement. Thus, we can conclude that the flatly adsorbed and densely packed porphyrin SAM can be constructed on the Au(111) surface. Electrochemistry, 82(5), 385-390 (2014) 
